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ABSTRACT 
'lbe effects of welding on the fatigue resistance of low-alloy, 
r 
·1-···~ •'">•\: 
,·· 1\ 
pressure vessel steels was studied at various temper~tures and cyclic 
rates of testing. Single bead, longitudinal welds were placed on 
opposite sides of fatigue specimens made of A-387(B) and "T-1" steels, 
-A-387(B) was studied in two conditions of heat treatment -- quenc~ed. 
and tempered,.and normalized and stress relieved, while "T-1" was 
studied in the quenched and tempered condition only. Cantilever beam • 
• 
tests in reversed,bending and constant deflection were employed at room 
temperature, 800°F, and 900°F at 12,000 cycles per hour. Additional 
tests were run at 1100 c.ycles per hour at room temperature and 900°F. 
Comparison of these data was then made with data obtained from similar 
tests made on unwelded specimens at Lehigh University during a companion 
study. 
Total strain range measurements over the 5,000 to 100,000 cycle 
range indicated that the fatigue resistance of the as-welded specimens 
- was as good as or better than that for the unwelded specimens tested 
under similar conditions. The plots, made on the basis of log-total 
strain range versus log cycles to failure, were straight-line relation-
ships. Weld porosity markedly reduced the fatigue resistance .of 
quenched and' temper~d A-387(B) steel teste4 ~ta .specific set of test 
conditions. In general, elevated temperatures increased the strain 
. ' 
value necessary for a given failure and a slower cyclic rate decreased 
the strain values. However, crack propagation and the appearance of 
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fracture faces were not altered by temperature and the rate of testing; 
both occurred by transcrystalline modes. 
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INTRODUCTION 
Pressure vessels are generally ··designed for and tested under 
conditions of static load. However, investigators have ·become 
concerned with possible pressure vessel failures other than by static 
i: 
" load; this interest being aroused by the trends for higher operating 
pressures and increases in thermal stresses. Other failures that 
engineers may have to include in their codes and specifications are 
(a) fracture by creep; (b) fracture under impact load at low 
temperature; and (c) progressive fracture (or fatigue). 
This thesis is concerned with determining the effects of 
welding on the low-cycle fatigue resistance of the low-alloy steels 
A-387(B) and "T-1" that have potential use in pressure vessels 
operating at elevated temperatures. Fatigue, per se, can be thought 
..... _ .of as a mode of failure in metals whereby fracture occurs after a 
number of cycles of repeated loads. High-cycle fatigue is concerned 
with endurance limit behavior and the strains produced in the metal 
structure generally do not exceed the elastic limit. In contrast to 
this, there are a small number of applications, such as in high 
pressure pipe, nuclear reactors and pressure vessels, in which a 
·; 
component may be subjected to a phenomenon called low or intermediate 
cycle fatigue. In these cases the stresses and strains are in the 
plastic range and there is no endurance limit. The life of a pressure 
vessel in such a state of stress and strain could range between 
5,000 to 100,000 cycles in 20-40 years in service. 
I, 
·- ---
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Fatigue properties of a material used in vessel construction 
can be determined one of two ways: testing of a full scale vessel to 
failure, which is the more ex~ensive way, or the testing of a laboratory 
specimen that is designed to simulate operating conditions in a 
(l 
pressure vessel. Unfortunately, fatigue data obtained from a laboratory 
test cannot be applied directly to pressure vessel design due to the 
basic difference in geometry, processing treatments, loading conditions, 
and stress raisers between the specimen and vessel. However, they can 
~ be used for comparative purposes of materials or variables that can 
affect pressure vessel design. A detailed presentation of the various 
factors that·affect the fatigue resistance of full-sized pressure 
vessels can be obtained in reference (1). 
Most investigators have chosen the more economically 
practical method of laboratory testing for obtaining fatigue data. 
Methods of testing can vary in a number of ways; materials can be 
subjected to repeated bending moments, torques, or axial loads. Two of 
the more popular means of applying fatigue stresses are through constant 
loads or constant deformation (deflection). An example of the former 
type as applied to sheet and plate materials is seen in the work of 
Hardrath(2) who ran axial loaded fatigue tests (zero to tension) on 
plain and notched sheet specimens of aluminum alloys and stainless 
. . (3) 
steels. Bowman and Dolan used constant deformation techniques to 
study the effects of welding, notches, attachments, and fabrication on 
the plastic biaxial fatigue properties of four pressure vessel plate 
steels. The loading fixture was designed to produce repeated loading on 
.4 
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the 10" x 17" plates, 3/4" thick by administering hydraulic pressure 
from Oto a maximmn on the bottom face of the plate. 
A substantial amount of research work on fatigue·testing is 
achieved ~hrough laboratory testing; however, the method of testing 
,. and design of the specimen must possess the general characteristics of 
the full-sized structure to be appli~able. Basically a pressure 
,, 
vessel is a cylindrical shell that is loaded repeatedly from Oto 
ten$ion at various operating temperatures. Sometimes one cycle of 
loading may require a whole day. The shell is subjected to biaxial 
loading with the stress in the circumference being twice that in the 
longitudinal direction. Other zones such as knuckles, brackets, and 
reinforced areas can have equal biaxial tensile stresses. The fatigue 
strength of the vessel can be greatly altered or influenced by stress 
raisers, ranges of stresses, state of stress, temperature, and 
welding. It is possible to have peak stresses develop in localized 
areas that can cause straining in the plastic range; this would serve 
to nucleate fatigue failure. 
During the past several years Lehigh University had developed 
a fatigue machine for mechanical testing a cantilever beam specimen in 
reversed bending. This apparatus has been employed successfully in 
several fatigue studies(4 , 5, 6, 7) of pressure vessel steels and was 
A 
.;..~.:.~ - -~ - (" \ 
• "'1, 
J 
employed for acquiring data.for this report. This specimen is 
designed for a 2 to 1 biaxial load condition and can be used for 
studying any of the factors mentioned above that can affect the fatigue 
strength of steel. However, laboratory fatigue testing can produce 
I, 
J! 
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serious doubts between test results and service conditions. Material 
, such as large ingots can have a great deal of imhomogenuities such 
as chemical segregation and inclusions. Small specimens removed 
from rolled or forged ingots can differ from the next specimen due to 
variations within the ingot or in manufacturing operations. Variations 
in test conditions can cause scatter in test results if precise 
specimen alignment is not employed or if proper specimen preparation 
is not observed. 
In high temperature testing, extreme fluctuations in 
temperature when a measurement is being made or improper monitering 
of temperature are contributors to deviations in results. Again, 
scatter can be of considerable magnitude at lower stress levels 
particularly around the endurance limit range and less at higher 
strain levels. This is expected since at high stress levels yielding 
occurs; the random effects of internal and external stress raisers 
are nullified by plastic deformation. Thus, plastic strain tests may 
be less sensitive to some of these factors. 
Another limitation of laboratory testing is the rate of 
cyclic loading. A pressure vessel, as mentioned above, may have a 
cyclic rate of loading of one cycle per day. This frequency would be 
impractical to use in tests because of the long period of time 
required,and it would be meaningless to use a rate approaching 10,000 
5 
cycles per minute for a life span of 10 cycles. Therefore, a 
compromise between the two must be adopted. Benham(B) had reported 
that a negligible.effect on life for cyclic frequencies between 
. ."1:~! 
'· 
: .... ,. 
-·~ ... -- "'. ~ ·-~--~-.·-··•-"·""····-•, . '' ' . ' ' .. ; ,. '. . . •; 
,1. ·-,•,,_ ...... _. •, ·., 
?i 
.J 
.. 
._. 
500 to 10,000 cycles per minute exists; however, a meaningful 
difference in life exists between one and 500 cycles per minute with 
the lower speed giving a shorter life. Mos1t low-cycle fatigue -tests 
are performed at rates between 50 to 100 cycles per minute which is 
far greater than that in service conditions • 
While it is customary for designers to relate failures in 
terms of stresses versus number of cycles to failure, Gross, Gucer, and 
Stout (6) concluded in 1953 Jthat the amount of straining per cycle is 
I 
the more significant variable to use in laboratory tests. The fact 
that strain rather than stress is a better controlling variable has 
been verified by others. Low( 9) tested five different materials of 
various tensile strengths in reversed bending and demonstrated that 
fatigue life depended solely on the degree of strain (0.4 to 5.0%) in 
the outer fibres of the specimen. Curves of stress versus endurance 
cycles revealed an abrupt change in slope at the yield stress, here 
stress departed from linearity; whereas strain versus endurance cycles 
showed a continuous curve f~r lives up to 106 cycles. Low suggested 
that this continuity under strain conditions might indicate that 
(10) 
strain rather than stress is the cause of fatigue failure. Johanson 
stated that the strain amplitude largely determines the number of 
cycles to failure and had shown with steel specimens that log strain 
- . ' 
., 
amplitude versus log number of cycles yielded a straight line~ 
(11) 
and Hirschberg had shown with various materials that life is 
Manson 
governed by the total strain range which consists of an elastic and 
plastic component. Each of the components produced a straight line 
when it is plotted against life on a log-log coordinates. 
7 
I 
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As more fatigue data (strain versus life) became available, 
. (12, 13) Tavernelli and Coffin made a study and showed that a power 
relationship existed which will characterize the behavior of engineering 
tP 
materials. This mathematical expression is depicted by: 
m 
· EN = C 
where€ is the plastic strain range in the sample, N'is the number of 
cycles to failur,, and m and Care constants. In this low-cycle range, 
-~ 
Coffin considers the slope m to be a universal constant for all 
materials equal to-\. However since that time, Stout and Pense(l4) 
made a study of a large amount of low-cycle fatigue data that included 
a wide range of steels of various microstructures, heat treatments and 
testing conditions. They concluded that in the life range of 5,000 to 
100,000 cycles the above mathematical relationship holds true for 
\ 
values of total strain as well and that the constants m and Care 
peculiar to the composition and heat treatment of the material tested. 
Thus investigators, to date, indicate that fatigue tests 
with the total strain range as the independent variable and number of 
.. 
cycles to failure as the dependent variable are a reliable means of 
evaluating the effects of steel composition, heat treatment, or service 
conditions on a qualitative basis. 
Most of the previous work on low-cycle fatigue behavior was 
conducted at room temperature, and rightly so, because this is the 
' 
primary temperature of conunercial interest. However, nuclear power and 
.. J 
chemical industries are interested in designing all welded vessels for 
use at higher service temperatures. This being so, elevated temperature 
·8 
.... :· 
... ·""'-
.1 
I 
~esting becomes of primary importance along with fabrication techniques~ 
For example, what affect does welding have upon material to l;>e used 
in the .J1ew environment. Failure at high temperature may develop from ··•·. 
creep which is time dependent or fatigue which is cycle dependent or 
both. This further introduces the question of cycle rate in fatigue 
testinge Above a certain temperature, repeated stressing cannot be 
imposed without creep. At moderate temperatures (below which creep is 
dominant), the fatigue properties of most.steels are not appreciably 
changed from those of room temperature. However, at an intermediate 
temperature range and if the cyclic frequency is low enough, the time to 
produce fracture may be quite long; hence, considerable time is available 
for creep damage. Thus, fracture may occur under fewer cycles of 
stress than might be observed with a higher frequency of the alternating 
loads. It is also possible for longer times to alter the strength 
characteristics by precipitation hardening, aging, or other structural 
changes that are stimulated by the presence of high temperatureso 
The effects of cyclic rate were studied by Smith, Brueggeman, 
(15) 
and Harwell by testing aluminum alloys (24ST-3) in axial load 
fatigue at rates of 12 and 1000 cycles per minute. From these tests 
it was concluded that the fatigue strength at the lower speed was less 
than that at the higher speed. Gross and Stout(]) checked this 
pheriomenon~with reversed bending tests of A-201 and A-302 steels at 
two speeds, 200 and 1.5 cycles per minute. The reduction (130 to 1) 
in cycling speed lowered the fatigue life about 10-15% • 
.. ~• 
• 
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(10) Elevated temperature effects were studied by Johanson 
by testing three steels (18:8 Ni-Cr; Cr-Mo; and 13% Cr) under constant-
4 strain alternate bending for lives up to 10 cycles at the temperatures 
20°c, 3oo0c, and soo0c. Slopes of the curves, log versus log N, were 
essentially the same and the difference between the three temperatures 
is not very great. The 300°c line falls slightly above the 20°c 
and soo0c lines for 18:8 Ni-Cr and 13% Cr steels. The Cr-Mo steel 
tested at 500°c showed considerably lower strength than those at 20°c 
0 and 300 C. Gross and Stout<7) ran a series of reversed bending tests 
0 on A-201 and A-302 steels at 650 F. A comparison of their performance 
with those at room temperature revealed a noticeable improvement in 
fatigue resistance at the elevated temperatures. 
(16) In a companion study to this one, DePaul determined the 
influence of elevated temperatures and cycling frequency upon the 
fatigue resistance of three low-alloy steels, A-212(B), A-387(B), and 
"T-1". The material was tested at cyclic rates of 110, 1100, and 12,000 
cycles per hour. Reversed bending, constant deflection tests were made 
0 0 0 0 at room temperature and at temperatures of 400 F, 600 F, 800 F, and 900 F. 
It was shown that the influence of increases in temperature upon 
fatigue resistance of the various steels and conditions·studied varied 
with the level of strain and the ap~~ied cycle r.ate •.. In ge,neral,_ the . 
fatigue resistance of the steels was not markedly changed over the 
0 temperature range of room temperature to 800 F, except for the inter-
vening strain aging influences in specific temperature intervals. A 
general decline in fatigue resistance at 800°F and subsequent recovery 
at 90Q°F was noted for .the 12,000 cycle per hour rate. This apparent 
10 
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recovery is attributed to the stress,,reduction influence of the 
massive plastic deformation resulting from the onset of creep. 
As a portion of the continuous program by the Pressure 
Vessel Research Connnittee of the Welding Research Council, this thesis 
will be concerned with the effects welding has on some of the steels 
and conditions studied by DePaul. The purpose of this work was to 
determine the fatigue resistance of welded specimens of "T-1" and 
A-387(B) steels using reversed bending tests run at room temperature 
and 900°F and at cyclic rates of 1100 and 12,000 cycles per hour. 
Tests were also made at 800°F for both grades of steel at a cyclic 
rate of 12,000 cycles per hour. This data will then be compared with 
that obtained by DePaul under the same conditions with unwelded 
• specimens. 
Very little fatigue data is avail,ble showing the effects 
of elevated temperature and cyclic rates on welded specimens. Most 
of the research has been performed at room temperature. Bowman and 
(3) 
Dolan have shown that fatigue strengths of A-301 and A-302 steels 
having submerged arc weld beads were as great as those of the same 
plates without welds. The specimen had sound welds that were 
- . 
machined flush so as to remove any weld bead reinforcement. Fall, 
Brugioni, Ra~dall, and Monroe(l]) revealed that the fat~gue strengths 
5 
of two steels tested as constant stress specimens up to 10 cycles in 
life were greatly affected by weld bead shape. Weld reinforcement 
I 
sharply reduced fatigue strengths and overshadowed the effects of weld 
11 
r 
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joint design, high heat imput, high strength filler metal, and weld 
metal cleanliness. Gross and Stout (7) have reported that welding had 
a negligible effect on the room temperature fatigue resistance of high 
" 
strength st~els with weld reinforcements removed when tested by 
reversed bending. 
Whenever welding is employed in the manufacturing of vessels, 
it becomes necessary to consider any alternations in fatigue behavior 
that can be caused by weld metal, heat affected zones, or residual 
stresses produced in the processing. Variations of fatigue strength 
can occur because of poor welding. Defects such as weld porosity, 
cracking, and improper fusion can be regarded as initial cracks in the 
structure and hence are potential nuclei for fatigue failures. In 
this investigation, the influence of these two factors, metallurgical 
changes introduced by welding and weld defects,were both studied • 
• 
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EXPERIMENTAL PROCEDURE 
Approach 
This experimental procedure can be divided into two steps. 
Part one consists of preparation and fatigue testing of the welded 
specimens at room temperature and 900°F at cyclic rates of 1100 and 
12,000 cycles per hour and at 800°F for the 12,000 cycle per hour rate. 
A comparison of this data will then be made with that obtained by 
(16) DePaul with unwelded specimens. 
Visual examination of the fracture faces and microscopic 
examinations comprise step two. Attention will be directed to crack 
propagation and any structural changes that may have occurred at the 
various conditions of testing. 
As part of a special test, some samples containing weld 
- 0 porosity were tested at 800 F, 12,000 cycles per hour to illustrate 
the effects of this type of defect 10n the fatigue resistance of ASTM 
_l 
A-387(B) steel for a particular set of conditions. 
" 
Material Tested 
Two grades of steel were employed, ASTM A-387(B) and "T-1'', a 
patented analysis of the United States Steel Corporation. The former 
grade is a chromium-molybdenum steel and was tested in two heat 
treated conditi~ons -- normalirzed and stress ,relieved, and water quenched 
and tempered. 0 The austenitizing temperature in each case was 1675 F. 
Normalizing ,vas performed on 3/4" plates 12" x 18" in dimensions by 
employing a still-air quench. This was followed by a stress relief at 
:,i, .. 
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1150°F. The same-sized plates were sprayed,quenched by a technique 
. . (18) 0 established by Canonico and followed by a temper at 1150 F. Time 
at temperature f~r each treatment was one hour. 
Steel "T-1" is a complex alloy o~ nickel, chromium, molybdenum, 
copper, and vanadium. This material was tested in the mill quenched 
and tempered condition which involved a spray quench from 1700°F and a 
temper at 1200°F. Plates 3/4" thick were subsequently cut into 
12" x 18" sections. 
All ofithe steels were obtained from the same heats used in 
previous studies at Lehigh University. Tables I and II list the 
chemical compositions on heat treatments and tensile properties, 
respectively, for the subject materials. 
Specimen Preparation and Welding Procedure 
After heat treatment, blank specimens 2~" x 18" long were 
milled from the 12" x 18" plate. Four specimens were removed from each 
of the normalized A-387(B) and "T-1" plates. Three specimens were taken 
from the quenched and tempered A-387(B) plates; this allowed for removal 
of larger waste pieces so as to eliminate any undesirable edge effects 
produced during the spray quenching. The 18" length of the specimen 
was parallel to the direction of rolling in the plates. 
Two six-inch longitudinal grooves, 1/8" deep, were then milled 
. 
mid~width on both sides of the specimen. These grooves were opposite 
and parallel. After welding with a single longitudinal pass and 
additional preparation, the specimen appeared as shown in the sketch of 
Figure 1. All welding was done with a stick electrode welder employing 
14. 
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3/16" diameter low-hydrogen electrodes, Ell0-18. This particular 
electrode was chosen so that the weld metal corresponds to the strength 
of the base plates. Welding conditions employed on "T-1" were 35 volts,· 
270 amperes, and a travel speed of 10 inches per minute. Specimens o,f 
A-38-7(B) were welded at 23 volts, 250 amperes, and a travel speed of 
10 inches per minute. 
A groove (2\" radius) was milled into the weld of the 
· specimens. This reduced section was subsequently ground to an 80 grit 
finish with.the scratches running parallel to the length of the specimen 
or perpendicular to the direction of crack propagation. The effect of 
surface finish on fatigue resistance in this specimen is presented in 
reference (6). 
Fatigue Testing Apparatus 
Fatigue testing was performed on a constant deflection, 
cantilever beam type machine shown in Figure 2 and described in 
published literature(4, 5>. The apparatus is designed to hold the short 
end of the specimen in a fixed support while the other end of the 
specimen is bent in the reversed direction to a desired deflection. 
The movable end of the specimen is fixed to an arm which in turn is 
connected to a motor-driven shaft through an adjustable eccentric cam 
unit. Thus the strain in a specimen can be varied prior to testing by 
:;1-
using various cam settings. The electric motor is connected to a gear 
reduction arrangement so that the cyclic rate of testing can be 
changed'lfrom 12,000 to 1100 cycles per houro 
15. :a 
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A movable resistance-type furnace was used to attain the 
necessary temperatures, Thermocouples maintained proper temperature 
control (!10°F) within the center of the test specimens. The clamp 
fixed to the movable end of the specimen was several inches from the 
furnace- during high temperature testing. 
Strain Measurements 
Strain measurements were made as follows: 
(A) At room temperature, strain readings were obtained with 
a Tuckerman opti·cal Strain gage having a nominal gage length of 0.25 
inches. Tile gage was located on the specimen so that its mid-length 
was directly over the center of the reduced section. Deflection 
readings were taken with the aid of a dial gage situated on the movable 
' end of the specimen, The mid-point of the total deflection was half 
· the difference between the maximum and minimum readings. 
Total strain range {percent) was determined by reverse 
bending the specimen to its maximum and minimum deflections. The 
difference in Tuckerman strain reading at these high and low points 
yielded the total strain range. Plastic strain range was determined at 
the mid-points of the total deflection by bending the specimen to its 
maximum deflection and then taking a Tuckerman reading after the return 
to the mid-point. The spec_imen was then bent in the reverse direction 
past the minimum point back to t·he mid-point where another reading was 
made. The difference between these two Tuckerman readings yielded the 
plastic strain range (percent). All strain readings were made after 
the specimen was strained hardened by ten bending cycles. ,,. 
'' 
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(B) At elevated temperatures, the procedures for determining 
the total an~ plastic strains were the same as those for room 
temperature, the only difference being the type of strain gage used. 
A Tuckerman gage cannot be used effectively above 600°F. 
For elevated temperature testing a special fixture was 
devised in the form of an inverted "U". The open end was mounted in 
the depression of the specimen -- secured on one end by a knife edge 
·~ and on the other end by a slotted nut. The knife edge and nut were' in 
turn fasten to threaded studs welded to the radius of the depression. 
Such an arrangement yielded an effective gage length of one inch. Any 
strain experienced by the specimen was,transmitted to the bridge 
between the legs of the "U'' (closed end). A foil-type resistance 
strain gage was cemented to the bridge, thus any strain in the bridge 
was measured by the foil gage. The strain values were initially 
determined as micro-inches from an SR-4 Baldwin Strain Indicator and 
then converted to strain readings through a linear correlation curve of 
micro-inches versus Tuckerman strain values. This curve was determined 
at room temperature. 
Strain readings were made when the specimen and gage had 
been heated to the desired temperature and only after the specimen was 
strain hardened by 30. complete cycles. The bridge of the gage extended , 
several inches above the top of the resistance furnace so that the 
foil gage was not affected by the high temperature. 
17 
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Failure Criteria 
After the percent total strain rang~ and the percent plastic 
strain :ange was determined, the gage was removed and the specimen~as 
cycled to failure or the point at which the flexed end could no longer 
transmit a load to the fixed end. This point is determined by a zer·o 
deflection on the Baldwin Strain Indicator connected to a -SR-4 strain 
gage mounted on the arm transmitting the load to the flexed end. Thus, 
a no-load condition on the arm was indicated by the strain gage. 
·' 
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PRESENTATION AND DISCUSSION OF RESULTS 
Plots of log-total strain range versus log number of cycles 
• 
to failure will be used to illustrate the effects of welding on fatigue 
resistance and the effect of elevated temperatures and cy~lic rates on 
welded specimens. Attention will be given to the influence of weld 
porosity and the anomalous behavior of "T-1" initially determined by 
(16) . 0 DePaul for fatigue tests at 800 F and 12,000 cycles per hour. This 
will then be followed by a discussion of the visual examination of 
fracture faces and a study of microstructures. 
Effect of Welding on Fatigue Resistance 
Figures 3 through 14 illustrate the fatigue behavior of 
welded and unwelded specimens tested under similar conditions of 
temperature and cyclic rate. The points with arrows depict failures at 
lives beyond the limit of the graph. It is quite evident from 
Figures 3, 4, and 5 that the fatigue resistance at room temperature is 
affected very little if any by welding. The curves forllOO cycles per 
,. I 
hour for the nonnalized and stress relieved steel and "T-1" may be 
slightly lower at short lives compared to the corresponding curves at 
.... . -, ... 
1~,000 cycles per hour. 
Testing of welded specimens at 800°F was performed with the 
rate of 12,000 cycles per hour only. Figures 6, 7, and 8 indicate that 
the welded specimens have superior strain values at all cycles to 
failure between 5,000 and 100,000 cycles. The most marked difference 
in fatigue resistance occurred between the normalized and stress 
·I· ( ( 
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relieved samples (Figure 7) where the ratio of strain values at 
100,000 cycles 1-s at least two to one. Such a marked spread between 
the curves may be due to the influence of the higher hardness of the 
weld metal over that for the base metal at elevated temperatures (see 
~;J / Table V). Such an effect would be most pronounced for the low-strength 
normalized material. 
At 900°F, welded specimens had strain values at any given 
l~fe that were essentially ~s great as or greater than that of the 
unwelded specimens. This is readily evident 'in Figures 9 through 14. 
Welded samples of "T-1" showed the greatest improvement in fatigue 
behavior over their counterparts than did either of the heat treated 
conditions of A-387(B). There is some trend for the unwelded samples 
of A-387(B) to approach or exceed the strain values of welded 
specimens for lives below 15,000 cycles. 
It can be definitely concluded that as-welded specimens of 
A-387(B) and "T-1" have fatigue resistances as good as or better than 
that of the unwelded specimens at all temperatures and rates tested. 
The superiority of the welded specimens.is more evident at longer lives 
.and at elevated temperatures. It is not known exactly why the welded 
specimens are in many instances superior to the unwelded specimens. 
Perhaps the higher hardness of the weld compared to the base metal is 
of primary importance at the elevated temperatures during the test 
and allow for a stronger fatigue resistance in the welded metal. 
Table V lists superficial R hardnesses of the weld and its surrounding (' B 
base metal, the latter corresponding to the unwelded specimens for 
similar heat treatments. The~weld is significantly harder than the 
( 
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base plate~ yet this difference did not yield any significant 
improvement of welded specimens over unwelded specimens during the 
room tempe~ature test. 
Undoubtedly in these tests welding procedure, metallurgical 
. ,.J._, transition structures, and welding stresses were in no way deleterious 
to fatigue behavior, Two welding features that can cause a 
. significant decrease in fatigue·· strength are excess,.ive weld reinforce-· 
ment (or weld bead) and weld porosity. The groove test area in~his 
specimen eliminated the former possibility but not the latter. -
Effect of Weld Porosity on Fatigue Resistance 
,I-
What deleterious effects weld porosity has on fatigue 
resistance can be demonstrated by the curves in Figure 1~. A limited 
number of quenched and tempered samples of A-387(B) with known porosity 
were tested at 800°F and 12,000 cycles per hour. Note the sharp 
decrease in fatigue resistance exhibited by these specimens. At any 
point along the "sound weld" curve the strain value was approximately 
1.3 times greater than the corresponding point on the curve representing 
the porous weld. Thus, the porosity serves as a nucleus for premature 
fatigue failure. The weld samples tested, each having porosity 
present in one weld bead, are illustrated in Figure 25. In each case 
the porous weld bead is on the left side of each fracture face. Porosity 
is shown as a finger-like hole (or half-holes) extending from the· 
surface toward the,, .,.bottom of the bead. Note that the amount of porosity 
did not have a greater or lesser effect on the fatigue resistance as 
2.t 
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shown by the straight-line plots in Figure 15. This phenomenon is 
analogous to the observations made by Philips(l9),who studied the 
propagation of previously formed fatigue cracks under rotating bending 
stresses or reversed direct stress. In mild steels, Philips noted· 
that when a number of cracks were present on the surface before final 
-».-
testing took place, observations showed that after the fracture only 
one crack extended in length and that was invariably the crack which 
eventually propagated completely across the section. Another point of 
interest was that final fracture did not always begin from the longest 
of the original fatigue cracks. Philips maintains that it is an 
average stress over a small but finite quantity of material which must 
be exceeded before fracture begins. Thus, the presence of one defect 
(a hole) under suitable conditions can control premature failure 
rather than, necessarily, the sizes and numbers of defects. 
Effect of Elevated Temperature and Cyclic Rate on Welded Specimens 
Figures 16, 17, and 18 illustrate the effects of temperature 
and cyclic rate on the welded material. Because of the scatter in data 
at elevated temperatures, the points were omitted for the sake of 
clarity and curves fitted by a single least-squares determination were 
substituted in their place. In the cases of A-387(B), specimens of 
both heat treated conditions revealed similar trends. In the area of 
r interest, the strain values at elevated temperatures exceeded those at 
I 
room temperature for either cyclic rate. 0 The curves for 900 F when 
compared to those for 800°F showed a trend for lower strain values at 
any point. 
·2·· ·2.·· ·.: :·: 
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Fatigue curves for "T-1" were in part agreement with the 
trends for A-387(B). Strain values for the faster cycle at elevated 
temperatures were higher than room temperature values, except for the 
conditions at 800°F for lives below 15,000 cycles. · The curve for 
900°F at the slower rate was consistently below the room temperature 
curve. 
A slower cyclic rate of testing lowered the fatigue 
resistance of the three materials as is evident in Figures 16, 17, and 
18. This is in agreement with trends reported by others. One 
exception being the lack of effect by cyclic rate on A-387(B), quenched 
and tempered material tested at room temperature. The fatigue 
resistance of "T-1" steels at 900°F showed the greatest decrease with 
the change in cyclic rate of 10.9 to 1. '\_ 
Plastic strain values were not extensively employed in this 
investigation because they did not yield any additional information. 
There is, however, a general trend for increases in cyclic life as the 
plastie strain range decreases. 
Anomalous Behavior of "T-1" Steel 
During the initial testing performed by DePaul on the first 
heat of "T-1" steel received by Lehigh lfnfversity, an anomalous "knee" 
was reported at approximately 45,000 cycles of life for conditions of 
't-. • 0 ·• 
C 800 F and 12,000 cycles per hour. This is illustrated in Figure 8. 
It was initially believed that an aging phenome~pn had occurred. The 
fact that results for the slow rate at 800°F showed no such trend cast 
doubt on the authenticity of the data. When the welded specimens 
23 
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·showed no such deterioration·and thus confirmed the initial suspicions, 
additional testing of a second heat of "T-1" steel was undertaken, the 
results agreeing rather closely with those for the welded specimens. 
Subsequent impact tests and fatigue tests of .heat No. 2 showed that an 
aging phenomenon did occur in "T-1" but only after aging times over 
and above those times encountered in the fatigue testing. DePaul then 
concluded that the irregular behavior of heat No. 1 was a false 
representation due to a bias influence in viewing the data. 
' 
Visual Examination 
Benham(B) considers fatigue fractures to be transcrystalline 
in nature with the presence of such a fracture depending upon the 
material tested and the type of cycle employed. Contrary to con-
ventional fatigue fractures, in these tests there are no beach marks 
or striations to locate the origin or ''eye" of failures in low-cycle 
fatigue. Instead, less .. distinctive macroscopic marks such as smooth 
bright areas may be visible. Several such marks can be seen on some 
of the fractures illustrated in Figures 19 through 24. These areas 
would locate previous cracks "breathing" during fatigue testing. All 
of the fractures were transcrystalline in appearance. There is 
evidence of both ductile and brittle behavior but there is no major 
change in fracture appearance with temperature or rate of cycling. 
As a visual aid for illustrating the depth of weld and the 
'-:I 
amount of base metal present between the weld beads, fracture faces 
,,:-~ 
representing the three materials were polished, etched in a solution of 
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3% nital, and photographed at 7X. Figures 25, 26, and 27 illustrate 
ii• 
these conditions., There was no significant difference between the 
weld bead and base plate geometry between these three materials. 
Microscopic Examination 
Metallographic examinations by light microscopy techniques 
did not, revea·1 any noticeable differences in structures for any 
particular material tested at the various temperatures and cyclic 
rates. Samples were polished on surfaces parallel and perpendicular 
to the fracture faces, etched in a 3% solution of nital, and-examined 
at lOOX and 700X. Representative examples of the structures are 
illustrated in Figures 29 through 40. The weld bead revealed a 
dendritic pattern of ferrite and pearlite. Steels A-387(B) quenched 
and tempered, and "T-1" consisted of carbides in acicular ferrite. 
The normalized and stress relieved structure of A-387{B) displayed 
ferrite and pearlite. 
Cracking in the samples studied was transgranular as evident 
in some of the photomicrographs. The growth of the cracks was away 
from the surfaces (top and bottom) towards the center-line of the 
specimen. A greater tendency for cracks to branch occurs at elevated 
temperatures. This agrees with observations made by DePaul(l 6). 
Figures 39 and 40 illustrate that a crack can propagate into and around 
. 
" 
an inclusion present in its path as it extends into the material. 
.. :.: 
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CONCLUSIONS 
1. As-welded specimens of A-387(B), quenched and tempered; 
A-387(B), normalized and stress relieved; and "T-1" steels had fatigue 
resistances as good as or better than that of corresponding unwelded 
samples when tested, at room temperature, 800°F, and 900°F with cyclic 
rates of 12,000 and 1100 cycles per hour. 
2. Weld porosity markedly lowered' the fatigue resistance of 
quenched and tempered A-387(B) steel tested at conditions of 800°F and 
12,000 cycles per hour. Strain values of specimens with sound welds 
were approximately 1.3 times greater than those obtained from specimens 
with porous welds. The size and number of the porosity did not control 
the fatigue behavior. 
0 3. Strain values were higher at 800 F than at room temperature 
for either cyclic rate of testing over the 5,000 to 100,000 cycle range 
for both A-387(B) and "T-1". At 900°F "T-1" tested at 1100 cycles per 
hour was poorer in fatigue resistance than at room temperature. 
4. The slower cyclic rate of testing lowered the fatigue 
0 resistance of all three materials at 900 F. It had a slightly 
detrimental effect on room temperature testing of normalized and stress 
relieved A-387(B) and "T-1" steels. 
5. "T-1" steel tested at 800°F, 12,000 cycles per hour did not 
reveal the anomalous "knee" initially determined in a companion study 
and thought to be due to an aging phenomenon • 
... 
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6. The fracture faces of all specimens were transcrystalline 
,in appearance. Fracture appearance did not change with temperature of 
testing or cyclic rates. 
7. Microscopic examination revealed the cracking to be 
transgranular at all temperatures of testing and cyclic rates. There 
was a greater tendency for cracks to branch at elevated temperatures. 
•"' 
."{)..· . 
-. 
,. 
l • 
't:.' 
-----------~--- ~ -.- - - ---"--~-- ---· 
'¥1 
---·. ·- --·'"'- ··:-- ·.--. . .. -·----·~. - -~- . - . ·-
. ~ -... . . :'ri· .. . ._,..,- .. . 
REFERENCES ·-· ... 
(1) · Dolan, T. J., "Fatigue As a Factor in Pressure Vessel Design~," 
Welding Journal, Vol. 33, June 1954, pp. 265S-275S. 
(2) Hardrath, Ho F o, and Ohman~ Lo, "A Study of Elastic and Plastic 
Stress Concentration Factors Due to Notches and Fillets in 
Flat Plates," NACA TN 2566, December 1951. 
(3) Bowman, c. E., and Dolan, T. J., "Studies of the Biaxial 
Fatigue Properties of Pressure Vessel Steels," Welding 
Journal, Vol. 34, January 1955, pp. 51S-59S. 
(4) Tor, s. s., Ruzek, J.M., and Stout., R. D., "Repeated Load 
Tests on Welded and Prestrained Steels," Welding Journal, 
Vol. 31, May 1952, pp. 238S-246S. 
(5) Gross, J. Ho, Tsang, s., and Stout, R. D., "Factors Affecting 
Resistance of Pressure Vessel Steels to Repeated Overloading," 
Welding Journal, Vol. 32, January 1953, pp. 23S-30S. 
(6) Gross, J. Ho, Gucer, D. E., and Stout, ~. D., "The Plastic 
Fatigue Strength of Pressure Vessel Steels," Welding Journal, 
Vol. 33, January 1954, pp. 31S • 
. (7) Gross, J. H., and Stout, R. D., "Plastic Fatigue Properties of 
High-Strength Pressure Vessel Steels," Welding Journal, 
Vol. 34, April 1955, pp. 161S. 
(8) Benham, P. P., "Fatigue of Metals Caused by a Relatively Few 
Cycles of High Load or Strain Amplitude-," Metallurgical 
Reviews, 1958, Vole 3, #11, PPe 203-234. 
(9) Low, Ao Co, "Short Endurance Fatigue," Proceedings of Inter-
national Conference on Fatigue of Metals, Institution of 
Mechanical Engineers, London, 1956, pp. 206ff. 
(10) Johanson, A., "Fatigue of Steels at Constant Strain Amplitude 
and Elevated Temperature," Colloguim on Fatigue, Proceedings, 
Stockholm, May 1955, Edo by W. Weibull and K. G. Folke, 
Odquist-Spriµger-Verlag, Berlin~ 1956, pp. 112ff. 
(11) Manson, s. s., and Hirschberg, M. H., "Fatigue Behavior in the 
Low and Intermediate Cycle Range," Proceedings of the 10th 
Sagamore Army Materials Research Conference, August 13-16, 
1963, Raquette Lake, N. Y., pp. 138-118. 
'.1:. 
28 
.... 
-
-· --· ------- ..... #" ..... ·-···-····---····-----··-#··--.-----·--.~~-----
--,-......-=--,-~-·------·-·· -------
a • 
( 
' ' 
- ----- _._ -~- ____ .. .. -- -· -- ----·---·- --··- --- -
(12) Tavernelli, J •. F., and Coffin, L. F., Jr., '-'A Compilation'"rand 
Interpretation of Cyclic Strain Fatigue Tests on Metal," 
Report No. 57, RL-1847 General Electric Research Laboratories~, 
19570 
(13) Coffin, L. F., Jr., and liavernelli, J. F., "The Cycle Straining 
and F·atigue of Metals," Transactions AIME, Vol. 215, 1959, 
pp.794. 
(14)· Stout, R. D., and Pense, A. W., "Effect of Composition and 
Microstructure on the Low-Cycle Fatigue Strength of 
Structural Steels," Journal of Basic Engineering, ASME, 
Vol. 87, Series D, No. 2, June 1965, pp. 269££. 
(15) Smith, F. c., Brueggeman, w. c., and Harwell, R.H., "Comparison 
of Fatigue Strength of Bare and Alclad 24S-T3 Aluminum Alloy 
Sheet Specimens Tested at 12 and 1000 cycles per minute," 
NACA TN 22310 
(16) DePaul, Ro Ao, "The Effects of ·Elevated Temperature and Cycle 
Rate Variations Upon the Low-Cycle Fatigue Resistance of 
Some Low-Alloy Steels," Unpublished PhD dissertation, Lehigh 
University, 1965. 
(17) Fall, H. w., Brugioni, D. L., Randall, M. D., and Monroe, R. E., 
"Improvement of Low-Cycle Fatigue Strength of High-Strength 
Steel Weldments," Welding Journal, Vol. 41, 1F4, April 1962, 
PP• 145S-153S. 
(18) Canonico, D. A., and DePaul, R. A., Unpublished Fatigue Data 
Correlation Study, Lehigh University, 1962. 
(19) Philips, c. E., "Some Observations on the Propagation of 
Fatigue Cracks," Colloguim on Fatigue, Ibid, pp. 210-217. 
2·9 
.•. ; .... 
-~ 
. . .,,.,. 
. .j' ,, ,. 
I 
I 
1-
I 
:.i 
I 
J 
J 
<: ~ 
·--·· 
Steel 
I 
I A:-,387(B) 
"T-1" (Heat 1) 
"T-1" (Heat 2) 
Table I 
,! 
Chemical Compositions and Heat Treatments of the Material: Tested 
: .. -
C 
0.11 
0.18 
0.17 
0.63 
0.85 
0.87 
p 
0.022 
0.008 
0.008 
Steel 
A-387(B) 
"T-1" 
s 
0.023 
0.017 
0.018 
Si 
0.20 
0.25 
0.22 
Ni 
-
0.85 
0.84 
Austenitizing 
0 Temp.- F 
1675 
1700 
Cr V 
0.98 
0.48 
o.s1 
-
0.-04 
o:o4 
Tempering 
0 Temp.- F 
1150 
1200 
• .. ~ 
Mo 
0.54 
0.50 
o.4a 
,,. 
Ti 
-
0.003 
-
Cu 
-
0.27 
0.26 
B 
-
0.004 
0.002 
v 
;_ 
.·, 
• 
·;, 
·r 
, 
i 
!: 
I 
! j 
I. 
I 
b 
I 
f 
t 
I. 
l 
r 
I 
I 
i 
! 
I 
r· 
I 
}. 
I 
I 
l 
i 
·1 
I 
.. 1 
I 
I 
I 
I· 
I 
t I t 
1 
I 
, . 
. ( 
t 
·' 
• 
.·. 
'I 
.. 
' 
~ :>' ·: •. f) 
--·-..··-·-·-..-,-........ ,,.,,,.,,, • • • 0 ••. - .. ·'•••''• • ,;••·T~•h'-••·-···--'~.>- .. •-•- ··- ~ • •o 
., 
Steel 
A-387(B) 
Q-T 
A-387(B) 
N•SR 
"T-1" 
Mill Q-T 
• 
Temp .• 
(OF) 
80 
800 
900 
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800 
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Y.S. 
(Ksi) 
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58.5 
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R.A. 
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67.0 
»i' 
Strain Hard 
Exp. 
.071 
.068 
.097 
.134 
.155 
.159 
.096 
.107 
0056 
. ·• 
·• 
I 
•. , .• I 
I 
" I 
.-~ 
'II 
:( 
r 
I 
:I 
'.i 
·' ,, 
L., 
i"' 
°':I 
I. 
i 
;~ 
iii ~ I 
•, 
' II 
.. 
1, 
f 
;~ 
'1!i 
·., 
/i 
.• i 
I 1 
' 
1'1 
-~- - ,i,' I 
Ii 1 
I• 
I I 
:I ,,, 
·-~ 
ii 
:II 
'1i 
II 
ii 
II 
II 
•' 1: 
Steel, 
Table III 
As-Welded Fatigue Data 
12,000 Cycles Per Hour 
Heat Treated Condition, 
and Testing Temperature 
Percent 
Total 
Strain 
A-387 (B) , Q-T, .82 
Room Temperature, .. .79 
(80°F) .75 
.68 
.60 
.54 
.49 
.42 
A-387~B), Q•T, 1.04 
800 F .95 
.95 
.88 
.84 
.75 
.71 
A-387{B) Q·T, .79 
800°F, (Porous .75 
Weld) .62 
.60 
.53 
A-387 (B), Q-T, .98 
900°F .94 
.82 
.79 
.75 
.71 
A-387(B), N-SR , .77 
Room Temperature, .75 
~·--
. u O -- ' ' - ' " ' - " ' . " ,. " ' ' (80 F) .65 
.52 
.45 
.42 
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Percent 
Plastic 
Strain 
.04 
.08 
.06 
.01 
.oo 
.oo 
.02 
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.11 
.11 
.23 
.09 
.15 
.09 
-
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-
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32,000 
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Table III (Cont'd) 
As-Welded Fatigue Data 
12,000 Cycles Per Hour 
Heat Treated Condition, 
and Testing Temperature 
Percent 
Total 
Strain 
A-387(B), N-SR, 1.00 ;· 
soo°F- .81 
.79 
.73 
.64 
.64 
' 
..... 
' 
.59 
A-387(B), N-SR .98 
900°F 
.79 
.78 
.77 
.63 
.60 
.55 
"T-1", Mill Q-T, .97 
Room Temperat~re,(80°F) .68 
.58 
.50 
,., 
''T-1", Mill Q-T, .86 
800°F 
.77 
.65 
.57 
.54 
"T-1", Mill Q-T) 1.03 
900°F .97~ 
.95 
.63 
c-7"' 
.63 . 
.51 
.51 
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Percent 
Plastic 
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.18 
.21 
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.14 
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6,500 
22,350 
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Table IV 
As-Welded Fatigue Data 
1100 Cycles Per Hour 
Heat Treated Condition, 
and Testing Temperature 
Percent 
Total 
Strain 
A-387(B), Q-T, .84 
Room Temperature, .75 
(80°F) .67 
.60 
.55 
.so 
A-387(B), Q-T, .98 
900°F .75 
.75 
.74 
.10 
.63 
.58 
A-387(B), N-SR, .70 
Room Temperature, .58 
(80°F) .56 
.47 
.42 
.35 
A-387(B)', N-SR .85 
900°F .67 
.63 
.61 
.60 
.55 
.52 
"T-1" , Mi 11 Q-T, · .88 
Room Temperature, .76 
(80°F) .64 
.52 
. "T-1", Mill Q-T, 1.18 
900°F 1.00 
.70 
.67 
.52 
:34. 
Percent 
Plastic 
Strain 
.04 
.03 
.02 
.oo 
.oo 
.oo 
.14 
.07 
.05 
.05 
.15 
.13 
.06 
.06 
.05 
.03 
.02 
.03 
.oo 
.06 
.OB 
Q.05 
.14 
.01 
.01 
.12 
.04 
.02 
.02 
.oo 
.28 
-· 
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Cycles 
to 
Failure 
7,800 
12,400 
21,000 
31,400 
63,000 
81,400 
6,200 
15,200 
28,000 
15,250 
42,000 
46,700 
71,500 
12,000 
18,000 
25,000 
50,000 
93,800 
180,000 
5,500 
42,000 
21,500 
27,000 
26,000 
106,000 
86,000 
8,700 
14,900 
34,000 
95,500 
2,750 
4,000 
20,850 
14,400 
47,300 
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Table V 
Superf'icial Hardness Tests 
Average Rockwell B Superficial Hardness; 1/16" Ball; 15 N 
A-387(B) Q-T* A-387(B) N-SR* "T-1" Mi 11 Q'.;.T* 
93.1 92.2 
, 89.4 87.6 
.... 
J 
* All readings were taken on faces parallel to 
the fracture faces of samples tested at room 
temperature (5,000 cycles). 
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Figure 3 - Total Strain Versus Cycles to Failure of Welded and 
Unwelded Steels, A-387(B) Q-T, 80°F 
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Figure 5 - Total Strain Versus Cycles to Failure on Welded and 
Unwelded Steels, "T-1" Mill Q-T, S0°F 
• 
• 
• • 
"""11111. ~ 
"' ~ ~ ~ .A 
6 -.......... ~ .. J. ~ A 
! ~ ~ .. ~ 
~ 
: 
: 
: 
.. 
. . 
. . .. - . . ' 
.. .;~I 
~ 
.. 
. -·· - ·-
'. 
: 
: 
-· 
. ' . ' 
'• 
~ 
' 
• 
3 5 7 10 20 30 50 70 
CYCLES TO FAILURE=THOUSANDS 
;,, 
"T-1" Steel - ao°F . 
12,000 Cycles per hour 1100 Cycles per hour 
• Unwelded A Unwelded 
oWelded ~Welded 
40 
. . .. ~ 
/· 
I 
----. _ 
.... 
-
• 
A-+ 
•· ., 
100 
I 
(' 
i 
' 
' 
11 
·1 
I 
I 
.\ 
I 
I 
I 
I 
I 
I 
... --·----~-~-~~----- ---
- ----- - -
.--·! 
~ 
I 
w 
(!) 
z 
<( 
0:: 
z 
-<t 
a::: 
I-
en 
..J 
<t 
t-
0 
t-
t' 
l .5 
1.4 
1.3 
1.2 
l. l 
1.0 
0.9 
0.8 
0.7 
0.6 
05 
0.4 
0.3 
0.2 
2 
- I . ... . . ,_, _____ ..... _._ ........ ____ ...... ~---··· ... .___-.. .. --.--~-·- -· 
.... 
- ----- ----------
- ----------- ---,.-----~--------,-----,-,--.-,---·-:----- -- - .. 
. -· 
:-~-.-'' 
• 
Figure· 6. - Total Strain Versus Cycles to Failure of Welded and Unwelded Steels, A-387(B) Q-T, 800°F, 12,000 cph 
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Figure 7 - Total Strain Versus Cycles to Failure of Welded and 
Unwelded Steels, A-387(B) N-SR, 800°F, 12,000 cph 
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:Figure 8 - Total Strain Vers·us Cycles to Failure of Welded and Unwelded Steels, "T-1" Mill Q-T, 800°F, 12,000 cph 
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Figure 9 - Total Strain Versus Cycles to Failure of Welded and 
Unwelded Steels, A-387(B) Q-T, 900°F, 12,000 cph 
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Figure 10 - Total Strain Versus Cycles to Failure of Welded and 
Unwelded Steels, A-387(B) N•SR, 900°F, 12,000 cph 
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Figure 11 - Total Strain Versus Cycles to Failure of Welded and 
Unwelded Steels, "T-1" Mill Q-T, 900°F, 12,000 cph 
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CYCLES TO FAILURE-THOUSANDS 
Quenched and Tempered A-387(B) Steel - .900°F 
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Figure 15 - Effect of Weld Porosity on Fatigue Resistance of 
Welded Steel, A-387(B) Q-T, 800°F, 12,000 cph 
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CYCLES TO FAILURE-THOUSANDS 
Quenched and Tempered A-387(B) Steel - 800°F 
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Figure 16 '19 Effect of Elevated Temperatures and Cyclic Rate on 
Welded Steel, A-387(B) Q-T 
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Figure 17 - Effect of Elevated Temperatures and Cyclic Rate on 
Welded Steel, A-387(B) N-SR 
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Figure 18 - Effect of Elevated Temperatures and Cyclic Rate.on 
Welded Steel, "T-1" Mill Q-T 
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Figure 19 - Fracture Faces of Fatigue Tested Steel, A-387(B) Q-T, 12,000 cph 
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Figure 20 - Fracture Faces of Fatigue Tested Steel, A-387(B) Q-T, 1100 cph 
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Figure 21 - Fracture Faces of Fatigue Tested Steel, A-387(B) N-SR, 12,000 cph 
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Figure 22 - Fracture Faces of Fatigue Tested Steel, A-387(B) N-SR, 1100 cph 
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Figure 23 - Fracture Faces of Fatigue Tested Steel, "T-1" Mill Q-T, 12,000 cph 
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Figure 24 - F.racture Faces of Fatigue Tested Steel, "T-1" Mill Q-T, 1100 cph 
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Figure 25 - Fracture Faces ·Revealing Porous Weld of Fatigue 
Tested Steel, A-387(B) Q-T, 800°F, 12,000 cph 
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Figure 26 - Weld Bead and Base Plate Geometry of Steel,A-387(B) Q-T 
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Figure 27 - Weld Bead and Base Plate Geometry of Steel,A-387(B) N-SR 
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Figure 28 - Weld Bead and Base Plate Geometry·of Stee~,"T-1" Mill Q-T 
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Figure 29 - Crack in Weld Bead of Steel, A-387(B) Q-T 
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Figure 30 - Crack in Weld Bead of Steel, A-387(B) Q-T 
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Figure 31 - Crack in Base Plate of Steel, A-387(B) Q-T 
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Figure 32 - Crack in Base Plate of Steel, A-387(B) Q-T 
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Figure 33 - Crack in Weld Bead of Steel, A-387(B) N-SR - 800°F 
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Figure 34 - Crack in Weld Bead of Steel, A-387(B) N-SR - 800°F 
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Figure 35 - Crack in Base Plate of Steel, A-387(B) N-SR 
Room Temperature, 80°F 
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Figure 36 - Crack in Base Plate of Steel, A-387(B) N-SR 
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0 Figure 37 - Crack in Weld Bead of Steel, "T-1" Mill Q-T - 900 F 
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Figure 38 - Crack in Weld Bead of Steel, "T-1" Mill Q-T - 900°F 
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Figure 39 - Crack in Base Plate of Steel, "T-1" Mill Q-T 
Room Temperature, 80°F 
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Figure 40 - Crack in Base Plate of Steel, "T-1" Mill Q-T 
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